Graphene is a two-dimensional material with a capability of gas sensing, which is here shown to be drastically improved by inducing gentle disorder in the lattice. We report that by using a focused ion beam technique, controlled disorder can be introduced into the graphene structure through Ga + ion irradiation. This disorder leads to an increase in the electrical response of graphene to NO 2 gas molecules by a factor of three in an ambient environment (air). Ab initio density functional calculations indicate that NO 2 molecules bind strongly to Stone-Wales defects, where they modify electronic states close to the Fermi level, which in turn influence the transport properties. The demonstrated gas sensor, utilizing structurally defected graphene, shows faster response, higher conductivity changes and thus higher sensitivity to NO 2 as compared to pristine graphene.
Introduction
Graphene, a single layer of carbon atoms, is a promising material for use in nanoelectronics, sensors and optoelectronics due to a unique two-dimensional carbon nanostructure that is arranged in a honeycomb lattice [1] [2] [3] [4] [5] . Recent experiments have shown the potential of graphene for solid-state gas sensing and even the possibility of single NO 2 molecule detection [4] . The gas sensing properties of graphene are due to two main facts: (1) the two-dimensional nature of graphene, with only a surface and no volume, enhances the effect of surface dopants, (2) a high conductivity and low electrical noise [6] [7] [8] [9] . The effect of various p-and n-doped gases on the gas sensing properties of pristine graphene has been investigated in the past few years [4] . P-doped gases lead to an increase in the conductivity of graphene and n-doped gases lead to a decrease in the conductivity of graphene [4] . Between these two gases, NO 2 has the highest charge transfer and shows a very good sensitivity to pristine graphene. The adsorption/desorption of gaseous molecules which act as electron donors or acceptors on the graphene surface is responsible for the gas sensing mechanism in graphene through modifications of the carrier density, and hence the electrical resistance of graphene [4, 10] . Many experimental and theoretical calculations have shown that NO 2 molecules are physisorbed on pristine graphene. The effect of chemisorption on the conduction electrons is expected to be substantially stronger; therefore attempts have been made to use chemical doping to manipulate the electronic and magnetic properties of graphene. Consequently, the sensitivity of graphene to NO 2 molecules will increase when chemisorption becomes stronger, which can be promoted by the presence of impurities [11] [12] [13] .
Because of the lack of dangling bonds on the pristine graphene surface, gaseous molecules cannot be readily adsorbed. One of the methods to improve the gas sensing properties of graphene is to dope it by impurity atoms. Several experimental [14, 15] and theoretical [16, 17] studies show that by doping graphene with impurities such as B, N, S, and Al, one may enhance the chemisorption and, hence, envision that the presence of gas molecules would have a significant impact on the properties of doped graphene in actual operating conditions and for practical applications. Another method to improve the gas sensing properties of graphene is to introduce defects in the graphene lattice. Many theoretical studies indeed show that the gas sensing property of graphene could be drastically improved by introducing defects [6, 13, 18] . Structural defects can also be deliberately obtained by irradiation or chemical treatments [19] [20] [21] [22] [23] . Irradiating graphene with electron and ion beams results in the appearance of numerous defect sites in the graphene structure [24] [25] [26] [27] . By increasing the irradiation dose, graphene follows an amorphization trajectory, which suggests graphene's transformation to nanocrystalline carbon and then to amorphous carbon.
The electronic properties of graphene are strongly affected by point defects [28] , line defects [29] , and adatoms [30] , and it is possible to tune the transport properties by the introduction of such defects in the graphene structure. The modification of the conductivity of graphene by the implantation of stable defects is crucial for the creation of electronic junctions in graphene-based electronic devices. In fact, it has already been shown that in this way a band-gap can be opened in graphene, which can then be tuned as a function of carrier concentration [20] . Simulations also show that the surface reconstruction around defects without dangling bonds, such as Stone-Wales (SW) defects or reconstructed vacancies, locally changes the density of π -electrons [31] and may also increase the local reactivity of graphene [32] .
To the best of our knowledge, previous experimental studies have mostly focused on the gas sensing properties of pristine graphene and there have been few reports on the gas sensing properties of defected graphene so far [33] . In order to improve the gas sensing capability of graphene, it is important to understand the interaction between structurally defected graphene and the adsorbed gas molecules. In this work, we report that by using the focused ion beam technique, defects can be introduced into graphene, and the corresponding evolution of gas sensing and structural properties of defected graphene in an ambient environment (air) have been studied experimentally by using current-time measurements, Raman spectroscopy and gated conductivity characterization. The experimental investigations are complemented by theoretical results based on first-principles theory.
Experimental details
In this study, the graphene flakes were prepared by mechanical exfoliation from Kish graphite (Grade 300) on heavily doped Si substrates with a 300 nm SiO 2 top layer. Electrical contacts were fabricated by using electron beam lithography, on PMMA 495k A4 (Microchem), in a focused ion beam/scanning electron microscope (FEI, DB235 Strata FIB/SEM) operated at 30 kV. 10 nm of Ti and 60 nm of Au were deposited by using evaporation followed by lift-off in acetone. The electrical characterization of the connected graphene was performed using a Keithley 6430 sub-femtoamp source-meter. The Si substrate was used as a backgate contact in some measurements. The disorder in the graphene was induced by irradiation with 30 keV Ga + ions in the FIB/SEM vacuum chamber under ∼10 −6 mbar. The irradiated area was 20 × 20 µm 2 and a single irradiation corresponds to an ion dose of ∼10 12 ions cm −2 . At this dose, only minor modifications were made in the graphene structure. We used N 2 as a purging gas and a mixture of N 2 and 100 ppm NO 2 as a target gas in all measurements. The flow rate for both gases in figure 3 was 100 ml min −1 (300 ml min −1 in figure 5 ) and the pressure in the chamber was kept near ambient pressure. The gas flow rate was controlled by a mass flow controller and the current through the graphene flake was monitored in real-time during the exposure to the gases.
Result and discussion

Gas sensing measurements
We have investigated the gas sensing properties of pristine graphene, and graphene that has been irradiated in two steps, each with the same ion dosage. The evolution of the graphene structure was analyzed by Raman spectroscopy and gated conductivity measurements (see supplementary data available at stacks.iop.org/Nano/23/505501/mmedia). schematically in figure 1(c) . To identify the number of layers and the thickness of the graphene, we performed Raman spectroscopy (514 nm wavelength) and atomic force microscopy (AFM), respectively. The G-peak at ∼1580 cm −1 and 2D-peak at ∼2700 cm −1 generally dominate the Raman spectrum of graphene and bulk graphite. The G-peak has the same appearance for all graphitic materials but the shape of the 2D-peak shows a significant change for each graphene layer; thus, the number of graphene layers can be determined from the shape of the 2D-peak. For monolayer graphene, the 2D-peak is sharp and more intense than the G-peak [34] . In figure 1 (a) the Raman spectrum does not show monolayer features since the 2D-peak is not very sharp and symmetric. The AFM analysis shows that the pristine graphene flake is about 10Å in thickness ( figure 1(b) ), which confirms that the graphene in this study has a bilayer geometry. The evolution of the Raman spectra with respect to the ion irradiation is shown in figure 2. After the first irradiation (∼10 12 ions cm −2 ) the D-peak appeared at 1352 cm −1 , indicating the formation of defects in the graphene. The D-peak originates from the breathing modes of sp 2 -rings and requires a defect for its activation [35] . After the second irradiation the intensity of the D-peak increased and the D -peak appeared at 1626 cm −1 , suggesting an increase of the number of defects in the graphene. The gated electrical measurements show high p-doping behavior, and with each irradiation the Dirac point was shifted (see supplementary data available at stacks.iop. org/Nano/23/505501/mmedia). Figure 3 shows the normalized conductance (G/G 0 ) response of pristine, first and second time ion-irradiated graphene during exposure of 100 ppm NO 2 in N 2 at room temperature, where G 0 is the conductance of graphene prior to gas exposure. By exposing the pristine graphene to NO 2 gas, the electrical conductance of graphene increases. This is related to NO 2 acting as an electron acceptor. Thus, when NO 2 molecules come in contact with graphene, the electrons are transferred from the graphene to the NO 2 molecules, which increase the hole density in graphene. We define the sensitivity parameter S of the sensor to NO 2 gas as follows:
, where R NO 2 is the final sensor resistance in NO 2 gas and R N 2 is the initial sensor resistance, i.e. when Figure 3 . Normalized conductance (G/G 0 ) response of the graphene gas sensor. The exposure of the NO 2 gas started after 110 s in all three cases. During the gas exposure the conductance increases, and by turning off the gas flow and opening N 2 as purging gas, the conductance decreases. From curve fits we find that the average rise times for pristine, first and second defected graphene (during NO 2 exposure) are 500 s, 328 s and 420 s respectively. the graphene surface is exposed to N 2 gas. From this formula, the sensitivity of the pristine graphene reaches 11% after 900 s. From an application point-of-view, this sensitivity is relatively low in comparison with the essential requirement of gas sensing [36, 37] and also this sensitivity is smaller than the sensitivity of pristine monolayer graphene to NO 2 gas molecules [4] . The gas sensing measurements were repeated two times for the pristine sample and three times for each irradiated sample. The sensor was reset to the original current level by exposing it to UV light (Deuterium light source with 190-400 nm wavelength) to enhance the desorption of gas molecules from the graphene surface. The second and third gas sensing experiments show very similar rise times and current levels. Thus, the measurements are reproducible. During the gas sensing measurements, the Si substrate was grounded and the gate voltage was zero.
Irradiation of graphene with Ga + can generate point defects due to ballistic ejection of carbon atoms [26, 38] . The carbon atoms can be sputtered out from graphene or become redeposited on the sheet and migrate on the surface as adatoms. Reconstruction of the graphene structure at these defect sites can also lead to the formation of Stone-Wales defects, or other vacancy defects [39, 40] . The experimentally determined values for sputter yield (i.e. the number of removed atoms per incident ion) of amorphous carbon per incident Ga + ion at an accelerating voltage of 30 kV range from 2 to 3 [41, 42] . According to the irradiation dose in this work (∼10 12 ions cm −2 ), the total number of removed carbon atoms is calculated to be in the range of 5000 atoms µm −2 . By exposing the defected graphene to NO 2 gas molecules we observe a faster response, higher conductivity changes and thus higher sensitivity to NO 2 as compared to the pristine graphene. This is shown in figure 3 . After 600 s, the sensitivity parameter S of the graphene sample is 32% after the first irradiation, which means that the introduction of defects, through the irradiation of ∼10 12 ions cm −2 , increased the sensitivity of the NO 2 gas molecules by about three times. Furthermore, the base conductance can be established after The introduced defects can induce mid-gap states, which create a region exhibiting metallic behavior around a vacancy defect, which therefore increases the conductivity [20] . After the second ion irradiation, the gas sensing properties decreased compared to the first irradiation, as seen in figure 3 . The reason for this is most likely that too large structural modifications have been made with the second dose of
∼10
12 ions cm −2 and the increased number of defects causes enhanced scattering of the electrons flowing through the graphene. After 600 s the sensitivity parameter S of the graphene sensor reaches 18% after the second irradiation as compared to 32% after the first irradiation.
Ab initio density functional calculations
In order to understand the interaction between NO 2 and defected graphene, we have performed ab initio density functional theory (DFT) calculations using a plane wave pseudopotential method (VASP) [43, 44] . Although our graphene sensor is bilayer ( figure 1) , we have considered a monolayer graphene in DFT calculations because after irradiation most of the defects are the same for monoand bilayer graphene. In our simulations, a lateral 6 × 6 supercell containing 72 C atoms was considered in the presence of NO 2 . A 20Å vacuum was kept in the supercell in the third dimension to minimize the interactions between neighboring unit cells. The calculations were performed within the projector augmented wave method employing a Perdew-Burke-Ernzerhof exchange-correlation potential within the generalized gradient approximation (GGA). In all calculations, van der Waals interaction was incorporated using Grimme's method [45] . The wavefunction was expanded by a plane wave basis with 400 eV energy cut-off. A 5 × 5 × 1 Monkhorst-Pack k-points set was considered for the integration in the Brillouin zone. The ground state geometries were obtained by minimizing Hellman-Feynman forces on all the atoms until the forces converged to 0.01 eVÅ −1 . We have considered several defects, e.g. monovacancy, divacancy (5-8-5 defect), 6-8-6 structure [46] and Stone-Wales (SW) in the graphene lattice to study the binding properties of NO 2 at these defect sites. The calculated energetics show that the binding energy between NO 2 and a SW-defect site is the highest (0.72 eV) among all the defects in comparison to the binding energies of around 0.3 eV for the other ones (see table 1 ). This indicates that SW-defects formed due to ion irradiation will affect the properties of NO 2 molecules significantly and vice versa. The calculated density of states (shown in figure 4(a) ) for this case shows the presence of spin-polarized molecular levels of NO 2 close to the Fermi level. The resulting magnetic moment is 1 µB/unit cell. To give a quantitative description of localization of molecular orbitals, we have calculated the inverse participation ratio (IPR) [47] . As the IPR is inversely proportional to the number of atoms contributing to that shows that the filled electronic states close to the Fermi level have an extended character, signifying the conducting character of the states. A small (large) value of the IPR indicates the extended (localized) character of the electronic states with the extreme limits of 0 (completely extended) and 1 (completely localized). To be precise, the small value of the IPR of an electronic state signifies that it is extended over almost all the lattice sites and, hence, a conducting situation is experienced. Recently, we have shown [48] that the IPR of an amorphous graphene structure containing a number of structural defects shows a small value at the Fermi level, which indicates metallicity. Figure 4(b) shows the optimized geometry of the molecule and the graphene lattice having a SW-defect. A clear buckling of the lattice is observed with NO 2 at the defect site, with the two O atoms bent towards the graphene sheet.
Langmuir model
The gas sensing dynamics can be understood within the Langmuir isotherm model [49] . The binding energy and sticking probability for NO 2 molecules on a pristine and defected graphene surface are further analyzed in terms of conductivity for direct comparison to the experimental data.
In the Langmuir isotherm model [49] , the time dependence of the surface coverage θ (t) can be written as
with the time constant τ given by
where σ 0 = 10 15 cm −2 is the density of adsorption sites, S is the sticking probability, x = 100 ppm is the NO 2 gas concentration, K B = 1.38 × 10 −23 J K −1 is the Boltzmann constant, N A = 6.02 × 10 23 mol −1 is the Avogadro number, V mol = 22.4 dm 3 is the molar volume at standard temperature and pressure (STP), m A = 46 g mol −1 is the mass of NO 2 gas molecules, ν 0 = 10 12 s −1 is the attempt frequency, T is the room temperature and E B is the binding energy. We suppose that the conductivity of our graphene sensor is directly related to NO 2 surface coverage θ (t) because each adsorbed NO 2 molecule on the graphene surface creates a new acceptor site.
To obtain more systematic data about the desorption dynamics of NO 2 , i.e. to obtain desorption of NO 2 without incident UV light, we carried out a gas sensing measurement on a second sample for the case of pristine graphene (figure 5). In figure 5(a) we can see the Raman spectrum and LOM image of this graphene flake. The gas sensing measurement on this flake is shown in figure 5(b) . According to the transition state theory, the recovery time can be written as:
By using the binding energy for pristine graphene E P B = 0.3 eV calculated above, we obtain the recovery time of our graphene sensor at room temperature to be in the range of τ P DFT = 0.16 µs. In turn, taking the measured recovery time of τ P Exp = 3000 s (figure 5) corresponds to a binding energy in the range of 0.89eV. After putting this binding energy in equation (2) and fitting the time constant of the rising part of figure 5 , the sticking probability in the range of 1 × 10 −7 is obtained.
The observation that E Exp B is larger than E DFT B is further strengthened by analyzing of the rise times measured in figure 3 . The NO 2 adsorption energy obtained from our DFT calculations for pristine graphene is about E P B = 0.3 eV and for defected graphene with SW-defect is E SW B = 0.72 eV. According to the Langmuir model, from equation (2) we obtain the time constant for these values of E B at room temperature are τ P DFT =
1.1×10 −7 1+2.46×10 −3 S s and τ SW DFT =
1.3 1+2.9×10 4 S s, respectively. As the sticking probability is in the range of 0-1, these time constants are much smaller than the measured time constants in figure 3 . Thus, larger binding energies would be required to explain the experimentally measured rise-time constants, which are in agreement with the observation reported in [11, 16] . However, our DFT calculations predict correctly that for SW-defects the binding energy E B increases, thus leading to an increased adsorption as well as to an increase in conductivity.
After irradiating the graphene sample in the relatively low vacuum environment in the FIB/SEM chamber, it was vented to air before being put into the gas sensing measurement chamber. In such an environment and process, water vapor will inevitably be present and the SiO 2 surface will also have a very complex structure. It is most likely that the hydroxyl groups and hydrogen have an effect on saturation of the dangling bonds of the carbon. So the interaction between NO 2 molecules and dangling bonds is not responsible for increasing the sensitivity of defected graphene to gas molecules. Most likely, the increased sensitivity is due to the interaction between NO 2 molecules and reconstructed graphene after irradiation. According to our DFT calculations, NO 2 molecules physisorbed on graphene with SW-defects have the highest binding energy and this increases the sensitivity to NO 2 molecules. Because of the saturation of all dangling bonds in the SW-defect structure, we have again a sp 2 -bonded carbon network (although with slightly distorted bond angles in the case of SW-defects) where all atoms have three neighbors. Also NO 2 decomposition at the graphene surface could take place in a similar manner reported on CNT surfaces [50] and thus change the adsorption dynamics. Further studies are in progress to understand the influence of these more complex processes on the E B .
Conclusions
In summary, the effect of disorder on the gas sensing properties of graphene in an ambient environment (air) was studied by gently introducing defects through Ga + ion irradiation. The defected graphene shows faster response, higher conductivity changes and thus higher sensitivity to NO 2 as compared to pristine graphene. The experiments were accompanied by ab initio density functional calculations that demonstrate that NO 2 molecules bind strongly to Stone-Wales defects, which modify the electronic states close to the Fermi level, in turn improving the transport properties. The results show that by inducing disorder (using ion bombardment of ∼10 12 ions cm −2 ) in the graphene structure, we can increase the sensitivity of graphene to NO 2 gas molecules by a factor of three. It is expected that this result also holds good for gas sensing of other molecular species. Hence, we suggest a new method to improve the gas sensing properties of graphene.
